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Enabling High-Frequency Operation of MMC-Based
Chargers: Frequency-Decoupled Modulation
Strategy and Soft Switching

Kaveh Pouresmaeil

Abstract—The demand for ultrafast charging of electric heavy-
duty vehicles drives the development of megawatt-level inter-
faces with the medium-voltage grid. Modular multilevel converter
(MMC)-based chargers offer a promising solution, utilizing a single
medium-frequency transformer (MFT) to enhance power density.
This article proposes a novel modulation strategy for ac/ac MMCs
with rectangular-wave output that leverages the separation of low-
frequency and medium-frequency components within the modula-
tion stage. This separation reduces the scaling factor between the
switching frequency and the MFT’s operating frequency, enabling
the use of higher operating frequencies for the MFT. This, in turn,
facilitates the size reduction of the MFT without compromising
the efficiency of the MMC. The findings demonstrate significant
improvements in the modulator, including higher time resolution
of waveform synthesis, and reduced harmonic distortion in the
MMC’s terminal voltages and currents. This, in turn, enables
soft-switching operation in the power converters. Experimental
results are given to validate the theoretical analysis and practical
feasibility of the proposed modulation and soft-switching strategies.

Index Terms—AC/AC converters, AC/DC converter, charging
infrastructures, modular multilevel converters (MMCs),
modulation, soft-switching, transformer.

1. INTRODUCTION

ODULAR multilevel converters (MMCs) have gained
M significant traction in medium-voltage (MV) high-power
applications due to modularity, scalability, and low harmonic
distortion. Their capability for direct ac/ac conversion enables
integration of a medium-frequency (MF) isolation stage, mak-
ing them a compact solution for isolated applications, such
as ultrafast chargers. These chargers process megawatt (MW)-
level power and, therefore, require connection to the MV grid.
Conventional solutions apply a low-frequency (LF) transformer
or several medium-frequency transformer (MFTs) (in multicell
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Fig. 1.  Circuit configuration of an AC/AC-MMC-based ultrafast charger.

solutions) to provide the galvanic isolation and the voltage
matching. The LF transformer is bulky and multicell solutions
(e.g., cascaded H-bridge) require isolation levels selected based
on the MV grid voltage for all the MFTs [1], [2]. In this regard,
solutions based on a single MFT can be more appealing for
size/volume constrained applications. Kopacz et al. [3] proposed
a matrix-type ac/ac MMC converter integrating a single three-
phase MFT. Although matrix-type converters require the min-
imum number of semiconductors and the least internal energy
storage effort compared to other solutions, they introduce higher
control complexity and cannot fully decouple the LF and MF
terminal variables [4], [5], which can, in turn, complicate the
design of the MFT. On the other hand, the direct ac/ac MMC
architecture can reduce the system size and cost by using a single
MFT and provides complete decoupling between the LF and MF
terminal variables [6], [7]. Fig. 1 illustrates the architecture of an
ac/ac-MMC-based ultrafast charger. Here, the MMC operates as
an ac/ac converter, transforming the grid voltage into a MF ac
voltage. Various waveforms can be chosen as the MMC’s output
waveform, but rectangular voltage has been shown to result in
the optimum efficiency and pulsating power [7], [8], [9], [10].
Another rectangular voltage is generated by the low-voltage
converter (LVC) that switches with a 50% duty cycle. These
voltage sources, interconnected by means of the arm inductors
and the MFT, govern the power transfer between the MMC and
the LVC.

For an MW-level MFT, existing literature demonstrates the
feasibility of operating at frequencies around 5 kHz [11]. How-
ever, this frequency selection is constrained here by the permis-
sible power losses of the converter connected to the transformer.
Theoretical studies show the optimal power density is achieved
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when operating within 7-10 kHz [12]. Moreover, operating the
MEFT at 10 kHz shifts acoustic noise out of the audible range, as
magnetostriction noise occurs at twice the operating frequency.
However, for the ac/ac MMC, the transformer’s operating fre-
quency is limited to a few hundred hertz or, at maximum, a
few kilohertz (e.g., 1-2 kHz) due to efficiency constraints [13],
[14], [15]. The limitation of the operating frequency of the MFT
directly impacts its performance optimization. This limitation
stems from the fact that the high operating frequency of the
isolation stage implies a high switching frequency of the power
devices. The MMC is an interface between its three-phase in-
put and single-phase output terminals. Consequently, the ref-
erence for the MMC’s arm voltages requires components at
both LF (sine-wave voltage) and MF (rectangular-wave volt-
age). The most common technique for synthesizing these volt-
age references is through carrier-based pulse width modulation
(CB-PWM), where the modulation index of the arm is compared
with several carrier waveforms [16], [17]. The harmonic distor-
tion of the input and output terminal’ currents is a function of the
MMC'’s arm voltage distortion. To minimize harmonic distortion
in the synthesized voltage waveforms, the carrier frequency must
be significantly higher than the highest frequency present in
the reference signal (i.e., the MF component) [18]. Increased
carrier frequency translates to a higher switching frequency
per device in the MMC. This is easily manageable for ac/dc
MMCs, as the highest frequency present in the arm voltage is
the grid frequency. However, it necessitates a very high carrier
frequency for the ac/ac MMC. Another challenge results from
the PWM update rate in digital control; the modulation index
of each MMC arm is typically sampled only once or twice
per modulation period. This limited time resolution restricts
the accuracy of the generated voltage components, particularly
the MF rectangular component used for the MFT [7]. As a
result, these methods require a high carrier frequency (or, equiv-
alently, a high switching frequency) to generate a rectangular
voltage with low distortion and high time resolution in the
MMC’s arm.

This article proposes a frequency-decoupled (FD) modulation
strategy for the ac/ac MMC with an MF rectangular-wave out-
put. This modulation method enables independent selection of
the modulation strategy and its parameters for both frequency
(LF and MF) components of the arm voltage. Therefore, the
CB-PWM and nearest level modulation (NLM) are adapted
to synthesis the LF and MF components of the arm voltage,
respectively. This combination allows for a low carrier fre-
quency of CB-PWM, resulting in a low switching frequency,
while increasing the operating frequency of the transformer. The
authors in [19] and [20] introduced and applied the decoupled
modulation concept to an ac/ac MMC for railway supplies
with a single-phase 16.7 Hz sine-wave output and identified
phase-shifted CB-PWM as the best modulation method for
the single-phase side output. While CB-PWM is preferred for
sine-wave operation due to its superior harmonic performance
for a single-frequency reference signal, it is not designed to
synthesize a rectangular-wave modulation signal and therefore
requires a very high carrier frequency (on the order of several
hundred kilohertz) if applied in this context.
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In addition, soft switching techniques can facilitate high-
frequency operation in power converters [21]. However, due
to the mix of MF and LF components in the arm voltage and
current, the MMC is typically hard-switched, which further
limits the switching frequency of the power devices and in turn
the output frequency of the MMC [22]. Dijkhuizen et al. [23]
achieved soft-switching operation in the MMC using an auxil-
iary resonant commutated pole converter. However, this adds to
the system’s cost and complexity. Fuchs et al. [33] proposed
a concept for a single-phase to single-phase ac/ac MMC in
which the rectangular voltages generated by the MMC and
the LVC make the MMC operation equivalent to a dual active
bridge (DAB) converter. However, this study only presents the
theoretical concept without discussing the switching events in
detail. In that regard, the key contributions of this article are as
follows.

1) An FD modulation strategy for ac/ac MMC with MF
rectangular-wave output is proposed and analyzed. This
strategy utilizes CB-PWM and NLM for synthesizing the
LF and MF componenets of the arm voltages, respec-
tively. Compared to conventional methods [20], it offers
significantly improved harmonic performance and time
resolution for elevated operating frequencies of the MFT.

2) Utilizing the low-distortion MF current, DAB-like oper-
ation mode is obtained for three-phase to single-phase
ac/ac MMC. This approach enables zero-voltage switch-
ing (ZVS) not only for all switching events in the LVC but
also for those related to the MF component in the MMC,
provided suitable circuit parameters are selected.

The rest of this article is organized as follows. The system
model and operating principle are presented in Section II. Sec-
tion III compares the conventional and proposed modulation
methods on the basis of voltage waveform distortion and res-
olution. The soft-switching operation and the control scheme
are presented in Sections IV and V, respectively. Simulation
and experimental results are provided in Sections VI and VII,
respectively. Finally, Section VIII concludes this article.

II. SYSTEM MODEL

In the MMC, each arm consists of a series connection of
several submodules, whose ac-link voltages are a function of
their dc-link voltages and switching functions. Hence, each
submodule, and therefore the aggregate of all submodules in
one arm of the MMC can be modeled by a controlled voltage
source, as shown in Fig. 2. The arm voltages v (y € {a, b, c},
x € {u,1}) are composed of differential-mode and common-
mode components. Common-mode (2) and differential-mode
(A) components of the arm voltages and currents can be
defined as

o= = Wty
Yy 2
5 i?‘;ily
y
N ,wherey € {a,b,c} (1)
v — Y
y 2
,L'A _ 137%
Yy 2
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Fig. 2. Equivalent circuit of the AC/AC MMC.
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Fig. 3. (a) LF-terminal model of the MMC. (b) MF-terminal model of the
MMC.
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Fig. 4. Rearranged MF terminal model.

Analyzing the leg current and voltage components illustrates that
the MMC and LV grid interact through the differential-mode
components. On the other hand, the interaction between the
MMC and MF side is governed by the common-mode com-
ponents [9], [16]. As a result, two decoupled models can be
defined for the MMC, as shown in Fig. 3. Under balanced circuit
parameters, the circulating terms are zero in steady-sate and are
not present in the arm common-mode voltage vyz [8]. Hence,
the MF terminal model of the MMC, shown in Fig. 3(b), can be
rearranged using Thevenin’s theorem, as depicted in Fig. 4. In
the rearranged MF terminal model, the voltage 2v3’ is equivalent
to the MMC’s output common-mode voltage, which can be used
to control the active and reactive power exchange between the
MMC and the LVC. As a result, the MF-terminal model of the
MMC can be interpreted as a DAB converter. The transferred
power and its direction can be adjusted by changing the phase
shift oyr between the rectangular voltage 2v3’ and Up. Similar
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Fig. 5. (a) Diagram of PSC-PWM and (b) simulated waveform of an MMC
arm with four submodules operating with PSC-PWM; “e” represents the update
of the modulation index for each carrier waveform (the PWM update rate is
assumed to be single rate).

to a typical DAB converter [24], the transferred average power
can be derived as
_ 2V Vs owre
2 fMFL m
Vp = Ny Ve

L =2Lam + Ls + L.

(71'— ‘@MF')) (2)

where

III. MODULATION STRATEGY OF THE MMC

The reference voltage and similarly the modulation index of
the arm are constructed by summing up LF and MF reference
components. Therefore, the reference modulation index, m* is
obtained by

m" =mi g+ M. 3)

A. Conventional Modulation Strategies

1) Phase-Shifted Carrier (PSC) Modulation: Using PSC
modulation, the modulation index of the arm m* is first sampled
with single or double update-rate and then compared to the
carrier signals C}, ranging from — /N to NN and shifted in phase
by 27 N, to generate the insertion index n* of the arm. The
equivalent carrier frequency of the arm and switching frequency
per device are equal to f.oq = N f. and fqew = fc, respec-
tively, since all the submodules switch in one carrier period as
seen in Fig. 5. Fig. 5(b) illustrates the staircase-like behavior of
CB-PWM. Due to this behavior, the generated insertion index
of the arm and therefore voltage waveform present a slew rate.
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Fig. 6. Theoretical reference and generated common-mode arm voltages.

This slew rate can cause a time delay of fi =T, in between

the reference common-mode arm voltage vyz " and the generated
voltage vyz, as shown in Fig. 6. This time delay can deteriorate
the generated MF voltage waveform and cause an undesired
phase shift. This effect can be comparable to the phase angle
generated by the closed-loop control of the MMC. This, in turn,
limits the accuracy of the control action of energy controllers
within the MMC. To ease these issues, the time delay must be
kept as short as possible (e.g., AT < 0.017ir). By doing so and
assuming single-update rate, the minimum carrier frequency is
obtained by

fe > 100 fmr 4)

which can lead to a very high switching frequency and, therefore,
to significant switching losses in the MMC.

2) Level-Shifted Carrier (LSC) Modulation: With LSC mod-
ulation, 2N carriers are divided over the range from —N to NV
as shown in Fig. 7. The sampled modulation index of the arm is
compared with these carriers and generates the insertion index
of the arm. The equivalent carrier frequency of the arm is equal

t0 fc.eq = fc. The switching frequency per device is found to be
1 A ~ ok
fd,sw = N (LnLFJfg+O~5fc JFnMFfMF) 5)

with the number of submodules, 7y = Ny, Which are specif-
ically switching to synthesize the MF component of the arm
voltage. Since more than one submodule can switch simulta-
neously, there is no longer a slew rate in the generated arm
voltage. However, the time resolution of the generated waveform
is limited by the carrier period, since the modulation signal can
be updated once or maximum twice within the carrier period. In
order to minimize the time delay (for instance, AT < 0.017\r)
and assuming a single update rate, the lowest possible carrier
frequency must be selected according to (4).

B. Proposed Modulation Strategy

This section presents frequency-decoupled PWM (FD-PWM)
for the ac/ac MMC. As can be seen from Fig. 8(a), the proposed
strategy separates the reference modulation index, m*, into two
components: an LF component, m;p, and an MF component,
myg- Conventionally, the modulation index, m*, which incor-
porates both differential and common-mode information, is used
for insertion index generation. In the proposed strategy, a decou-
pled approach is adapted. The LF component, mjy, is directly
fed to a CB-PWM comparator to generate the LF insertion index,
nip. On the other hand, the NLM approach [25] is used to
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Fig. 7. (a) Diagram of LSC-PWM and (b) simulated waveform of an MMC

arm with four submodules operating with LSC modulation; “e” represents the
update of the modulation index for each carrier waveform (single-update rate is
assumed).

derive the MF insertion index, nye. Here, a triangular carrier
waveform, Cyr, with a frequency and phase equal to the MF
component and ranging from —1 to 1 is employed. This carrier
is compared with a zero reference to obtain the normalized MF
component, nyg o+ 1he MF insertion index is then calculated
by multiplying the normalized MF component with the number
of submodules, Ny, dedicated to the MF component

* * *
mE = "]IF,norm * NMF' (6)

Here, Ny is a discrete number determined by the nearest
integer of submodules required to switch and generate the MF
component of the arm. The MF insertion index ny, is added to
the LF insertion index nj to derive the total insertion index
n* of the arm. Compared to LSC-PWM [see Fig. 7(b)], the
proposed method exhibits two key improvements, as shown in
Fig. 8(b). First, the insertion index pulse train follows a sinu-
soidal pattern, eliminating the intermodulation effect observed
in LSC-PWM (detailed in the following section). Second, the
time delay between the reference and generated MF arm voltage
is significantly reduced. While LSC-PWM’s time resolution is
limited by the carrier period, the proposed method’s resolution is
determined by the high-speed clock generating Cy in a counter
implementation, typically in the order of a few nanoseconds.
The switching frequency per device follows the same (5) as
that of the LSC-PWM. However, the operating frequency of the
transformer can be increased independent of f., which enables
high frequency operation with a much smaller increase of the
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Fig.8. (a) Diagram of FD-PWM and (b) simulated waveform of an MMC arm
with four submodules operating with proposed modulation; “e” represents the
update of the modulation index for each carrier waveform (single-update rate is
assumed).

switching frequency of the power devices in the MMC compared
to PSC- and LSC-PWM. Hereafter in this article, LSC-PWM and
PSC-PWM will refer to the conventional coupled carrier-based
PWM methods, as detailed in Section III-A.

C. Harmonic Performance Comparison

In the previous sections, it is shown that both the PSC- and
LSC-PWM methods are associated with limited time resolution
when synthesizing the MF component of the arm voltage. In
addition to that, the generated voltages are not perfect sinusoidal
or rectangular voltages and contain harmonic components. The
harmonic performance of these methods is studied in this sec-
tion. The most common forms of PSC- and LSC-PWM, which
does not apply a phase displacement in between the carrier
waveforms of the upper and lower arms, are used [26]. Fig. 9(a)
and (b) presents the harmonic spectra of the LF component (11 )
and MF component (vyz) of the of the arm voltage for all the three
methods, respectively. The frequency modulation ratio for the
LF and MF components are defined as

fe
mygLF =
P )
MfMF = Fip
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Fig. 9. Theoretical harmonic spectra for different modulation methods
(the harmonic spectra of the reference signal is plotted with black line
and marker). With mp,p = myp = 1.7 for PSC-PWM and LSC-PWM and
mrr = 1.7, N\yp = 2 for FD-PWM. (a) Magnitude spectra of the LF com-
ponent of the arm voltage over harmonic number k (the values are normalized
based on the fundamental component fip). (b) Magnitude spectra of the MF
component of the arm voltage over harmonic number k (the values are normal-
ized based on the fundamental component fyr).

TABLE I
PWM METHODS AND FREQUENCY MODULATION RATIOS

Frequency modulation ratio PSC-PWM LSC-PWM FD-PWM
my LR 100 400 400
mf MF 5 20 20

which are given in Table I. As shown in Fig. 9(a), for the PSC-
and LSC-PWM methods, the modulation index of the arm is
modulated by the equivalent carrier frequency of the arm, f; ¢,
resulting in sideband harmonics at orders of

hNmyip £ (25 + 1) 540 £ (20 +1)  PSC

hmyie £ (25 +1) ::;;FF (214+1) LSC ®
where {h, j,1} € Z. This effect is referred to as intermodulation
distortion and stems from the inherent nonlinearity in CB-PWM,
leading to a double convolution of the PWM sidebands in the fre-
quency domain when modulation signal is of multiple frequen-
cies (here, LF and MF). Consequently, it results in a combination
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of sideband harmonics around integer multiples of the equiva-
lent carrier frequency [27], [28]. The impact of these sideband
harmonics on the grid current total harmonic distortion (THD)
is more severe at lower values of mvr. Take, for instance,
LSC-PWM,; the sideband harmonics at the left side of the equiv-
alent carrier frequency my 1r £ (25 + 1) :Z;;FF + (204 1) can
encroach into the LF range, consequently elevating the grid
current THD. Increasing m s vy, which can be achieved by either
increasing f...q or decreasing fur, reduces these distortions.
However, the former approach leads to significant switching
losses, while the latter negates the size reduction benefit of
the MMC system.In contrast, the proposed modulation method
eliminates the modulation of my by f. cq and use a linear sum
function to derive n*, thereby removing the intermodulation
effect. Accordingly, the term (2j + 1)% is excluded from
(8), and the intermodulation sideband harmonics are absent in
the grid-side voltage of the arm as can be seen Fig. 9(a).

A similar observation applies to the MF voltage component of
the arm. Fig. 9(b) illustrates that the harmonic spectra of the ref-
erence and synthesized voltage waveforms deviate around f oq
for both PSC and LSC methods. The performance of the PSC
method deteriorates further due to the staircase behavior (see
Section III-A1). The proposed modulation method eliminates
the intermodulation sideband harmonics from 7)}?. This results
in a significantly better match with the harmonic spectra of the
reference signal compared to conventional methods, as shown
in Fig. 9(b). The only considerable harmonic component seen in
the harmonic spectra of FD-PWM is m ¢ vp. To avoid significant
distortions in the MF current waveform, the minimum value of
the frequency modulation ratio can be estimated by

€))

m > —

IME= 5N
where (ﬁp denotes the allowable maximum relative peak-to-peak
ripple of the MF current. The mathematical derivation of (9) is
provided in Appendix.

IV. SOFT SWITCHING OPERATION OF THE MMC

The soft-switching operation of both the LVC and the MMC
(partially) can be achieved by selecting appropriate circuit pa-
rameters. Fig. 10 shows the typical voltage and current wave-
forms of the MMC arm and the LVC. As can been seen, the arm
voltage and current are composed of an LF (differential-mode)
component and an MF (common-mode) component. Consider-
ing the DAB operation, the switching events that synthesize vg
(in the LVC) and 20§ (in the MMC) can all be zero-voltage
switched. To this end, the current through the MMC’s arm
and the LVC must fulfill the minimum required commutation
value Izys at the switching instants. Adjusting the transformer
turn ratio n, allows a unity voltage gain across the isolation
stage and therefore a trapezoidal current through the LVC.
Considering the fact that DAB converter features ZVS operation
throughout the load range when the voltage gain is unity, the
LVC can always benefit from ZVS [21]. On the other hand, the
MMC'’s arm current is the aggregate of a sinusoidal current (LF
component) and a trapezoidal current (MF component). As a

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 6, JUNE 2025

Uy

L ..J..J,.N..L..L.,H..J..J.

sTir Tip
t

Fig. 10. Ideal current and voltage waveforms of the MMC arm and the LVC.

result, ZVS operation of power devices in the MMC depends
on the values of the arm current (I3_ ., and [T . ) at the
rising and falling edges of the MF component of the arm voltage.
Defining the peak value of the LF and MF component of the arm
as [ y—LF and I y—Mp- the respective maximum and minimum
switching currents during the rising and falling edges of the MF
component are

max (B _.1) =I5 pp — Iy (10)

min (T, ) = —Lpe + e (11)

Assuming unity power factor for the grid current and con-
stant instantaneous power for the transformer side, the peak
values of the LF and MF components of the arm current are
approximated by

1
S (12)
y—LF 2 y 3ng
1. P
I =1, = . 13
y-MF 37 3ny Vae (13)

To achieve ZVS in the MMC, the following conditions must be
satisfied:

max (I;fsz) < —Izvs (14)
min (I5_,)> Izvs. (15)

Substituting (12) and (13) into (10) and (11) and then rewriting
(14) and (15) yields
P P

- T~ > I .
3ny Ve 3V;gy Vs

(16)

As a result, the maximum turn ratio of the transformer to ensure
ZVS operation in the MMC is given by

P
3Vae

——de
Izvs + A

A7)

N <
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Fig. 11.  General control scheme of the MMC.

V. CONTROL OF THE MMC

A. General Control Approach

For the MMC to function in a stable manner and to track the
capacitor voltage and current references, it is crucial to imple-
ment an appropriate control strategy for its terminal variables.
The mismatch between the average power of the input and output
ports of the MMC should be controlled to the power losses of the
MMC, otherwise it will disturb the total energy balance within
the MMC [16]. As a result, the implementation of the MMC
requires a control algorithm to regulate the input and output ter-
minal powers, thereby ensuring the total energy balance within
the MMC, as shown in Fig. 11. In this context, Wc represents
the total energy stored in the submodule capacitors of MMC leg
y, while ch is the energy discrepancy between the upper arm
and its corresponding lower arm. These variables are expressed
as follows:

s (2} + s (V)
2

s (V)" — s (V)
2

(18)

19)

where Vé‘y and VCIy are the sum of the submodule capacitor volt-
ages in the upper and its corresponding lower arm, respectively.
Here, Ceq,y = Csm N represent the equivalent capacitance of
the arm. The grid-side current controller regulates the active and
reactive power exchanged with the grid, and the arm balancing
controller ensures total energy balance, as well as an equal
energy distribution among the MMC arms. Here, circulating
currents between legs are intentionally generated to exchange
energy between arms and legs and reach an equal distribution
of energy across all of them. The circulating currents are gener-
ated as common-mode components, since the grid-side terminal
variables (differential-mode components) must track the grid-
current reference. To this end, the common-mode voltage of the
arm can be expressed as

> _ % b))
vy = vy Jrva

(20)

where v’ regulates the total energy of the MMC and, therefore,
is the same for all three legs. The circulating voltage component
Ue , however, is supposed to regulate the energy difference
between the arms by generating circulating currents. Hence, its
value may differ among the three legs [16]. The voltage vgy
is composed of an LF component and an MF component as
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follows:
LF MF
y _ ' >
Vo, = Va1, TG 2, (2D

The total energy mismatch between the legs can be controlled
by adjusting vgﬂy , and the energy mismatch between the upper

and lower arms can be corrected using v% 1, . Therefore, UE,

vZ .1,>and vZ 2, are the three variables that are adjusted by the
arm balancmg controller. Under balanced circuit parameters, the
circulating terms are zero in steady-sate and are not present in the
arm common-mode voltage v}?. The comprehensive explanation
of the circulating components is provided in [8].

It is noteworthy that the grid-side current controller is similar
to that of grid-connected voltage source converters. Owing to
the decoupling into differential and common mode components,
the integration of the proposed method does not influence this
controller. Therefore, it will not be studied here, and a detailed
discussion can be found in [9].

Fig. 12 illustrates the integration of the proposed method in
the control scheme of the MMC. Here, both common-mode VC“V

and differential-mode VCIy capacitor voltages are derived from
measured electrical variables. These voltages are then converted
into equivalent energy representations, WC and VVC , using
(18) and (19) to linearize the feedback loop

The differential-mode arm energy, ch, is compared to its
nominal reference, typically zero, signifying no desired energy
disparity between the arms in different legs of the MMC. Any
deviation from this reference is processed by a proportional—
integral (PI) controller, generating a corresponding power cor-
rection term. This term is then scaled by the normalized grid
voltage, 7‘1;", to generate the setpoint for Ugjly, regulating the

energy balimcing between the arms in all MMC'’s legs.
Concurrently, the common-mode energy for each phase, Wé:y ,

is averaged across all three phases to produce I/VCE0 , representing
the mean energy level in the MMC’s arms. This mean value
is then compared to the reference of common-mode energy
stored in phase y, ngy (the same value for y € {a,b, c}). The
discrepancy is fed to the second PI controller that computes
an additional power error A Pyip,, to regulate the total energy
stored in the MMC capacitors. The third PI controller ensures the
common-mode capacitor energy VVCEy of the MMC legs matches
to the mean value Wgo , thereby balancing the energy distribution
between the MMC legs.

For prompt control action, the grid power reference, Py, is
added as a feedforward element to the PI controller’s output.
This addition yields the MF power reference, PK/{Fo’ which is
applied uniformly to all MMC legs. The calculated power error
APyir, is added to Py to adjust the power reference for each
individual leg, thereby ensuring an energy balance between the
the arms in each MMC leg.

B. Integration of FD-PWM and Soft Switching Operation

To achieve effective integration of FD-PWM and soft switch-
ing, the control scheme of the ac/ac MMC must be adapted
to generate precise phase and amplitude references for the MF
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Fig. 12.  Integration of the proposed method in the control scheme of the MMC.

component of the arm voltage. First, the MF power reference,
PK/{FV’ must be converted into corresponding phase-shift angle
references, denoted as <p’1§/[Fy . As expressed in (2), the magnitude
of the MF voltage component Vi~ for each arm is required for
the computation of these phase angle references. To minimize
the power losses in the DAB-like operation, it is imperative that
the voltage gain across the isolation transformer is equal to the
transformer turn ratio [21]. This necessitates that the amplitude
of the MF component of each arm, V=", closely approximates
the half of output dc voltage as referred to the primary side of
the transformer. Achieving this, the half of the primary-referred
output voltage is divided by the nominal submodule voltage, and
the result is then fed to a round function. This operation yields
the discrete count Ny, of submodules that should be actively
switching to synthesize the desired MF voltage component as
follows:

0.5n4, Vg N

Nyp = = (22)
Ve

Using the MF component amplitude information, @iAFy can be

calculated for all the phases and. The MF components vy and
vggy of the arm can be constructed by FD-PWM [see Fig. 8(a)]
using oy and Nypp.

VI. SIMULATION RESULTS

The converter is modeled and simulated in PLECS with the
circuit parameters given in Table II. The circuit design parame-
ters are chosen based on Appendix and (2) and (24)—(25). The
simulated converter uses an averaged model to represent the
MMC arms [9]. This is a fast simulation model that does not take
into account the PWM modulator and switching events. How-
ever, given that the bandwidths of the PI controllers are much
lower than the switching harmonics, the switching-ripple-free
waveforms of the converter and the stability of the controllers
can be studied through the averaged model [16].

TABLE 1T
SIMULATED CIRCUIT PARAMETERS

Parameter Value

Grid

Grid line—line voltage V3V 25kV

Grid frequency fe 50 Hz

Line inductance Lg 8 mH
MMC

Equivalent capacitance of the arm Ceq 55 uF

Arm inductance Larm 750 uH

Number of submodules per arm N 31

Derated blocking voltage of power devices 1%8 1kV
MFT

Turn ratio Nty 15

Leakage inductance L 100 uH
LVC

Output dc voltage Ve 800V

Switching frequency Favic 10kHz

A. Results

Fig. 13 shows the converter’s key waveforms in the case
of a power step from 1 to 0.5 MW. The grid-side current is
balanced and responds promptly to the modified power setpoint,
as expected. The transient power change induces a temporary
deviation in the arm capacitor voltages. However, the arm bal-
ancing controller effectively mitigates this imbalance by redis-
tributing the energy difference between the arms. Consequently,
all capacitor voltages converge to the same value within a few
grid cycles. It is noteworthy that this energy balancing relies on
circulating currents during the transient state. Once balance is
achieved, no circulating current is generated by the controller.

Maintaining balanced volt—seconds across the magnetic com-
ponents is crucial, as deviations can lead to dc-bias currents and
compromise the performance of arm inductors and the MFT.
To address this challenge and prevent dc-bias currents upon
a change in the power setpoint, a dynamic phase-shift update
strategy is implemented, as detailed in [29]. As can be seen in
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TABLE III
EXPERIMENTAL PARAMETERS

Symbol Value
Grid
Grid line—line voltage \/§Vg 380V
Grid frequency fe 50 Hz
MMC
Number of submodules per arm N 4
Submodule dc-link capacitance Csm 5mF
Arm inductance Larm 2.3mH
Carrier frequency fe 20kHz
MFT
Turn ratio Nty 1
Leakage inductance L 20uH
Magnetizing inductance L 17mH
LVC
Output dc voltage Ve 250V
Switching frequency Fivia 8,10kHz
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E 5
=
5 0.5
g
[a¥ O 4
=
=]
]
g
=i
O
>
24,
<)
a0
8
<

= [— ]
=
=
[
-
= -100 :
© 200 ; . | ]
— 1200F i
ﬁ de
& 800F l 4
&
5 400 1
© () L L L L
0 100 200 300 400 500
t [ms]
Fig. 13.  Simulation results for a step change in the power reference P, from
1to 0.5 MW.

Fig. 13, the step change in power does not introduce any dc
component in the current.

The arm current of phase a is plotted in Fig. 13. Due to the
balanced nature of the grid voltage and current and the balancing
controller, the currents of the other phases are similar. As can
be seen, the arm current always satisfies the constraints derived
in (14) and (15). Using the dynamic phase-shift update method,
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Fig. 14.  Outer control loop to adjust the capacitor voltage reference.
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N

e

= 10

= 1

1 10
fMF [kHZ]

Fig. 15.  Scaling of the average switching frequency per device of the MMC

in terms of the operating frequency of the transformer for different modula-
tion methods with 67, = 12.5% and f¢ cq > 20kHz. The theoretical power-
frequency capability of power devices are derived from [31].

these constraints are met even during the power setpoint change,
as can be seen in the zoomed graph in Fig. 13. As aresult, all the
switching events in the MMC that are associated with the MF
component are zero-voltage switched. Since, there is only MF
current through the LVC, its power switches can always achieve
ZN'S operation.

B. Discussion

1) Optimized MF Current Shape: The analysis of the MFT
current %, reveals a trapezoidal waveform without flat tops. This
deviation from the ideal waveform arises due to the inherent
limitation of the MMC in generating the exact primary-referred
secondary voltage with its discrete voltage levels. To improve
the waveform quality, an outer control loop can be imple-
mented (as depicted in Fig. 14). This loop dynamically adjusts
the MMC capacitor voltage setpoint to ensure the half of the
primary-referred secondary voltage is an integer coefficient of
the submodule capacitor voltage. This, in turn, leads to a more
accurate reproduction of the ideal waveform in the MFT current.
Itis important to note that this outer control loop can be designed
to have a much lower bandwidth compared to the other control
loops within the battery charger system. This is because the
dynamics of voltage change in a battery charging application
are inherently slow. The outer loop will not introduce significant
delays or negatively impact the performance of the faster inner
control loops.

2) Scaling of the Switching Frequency: Applying the con-
straints detailed in Section III and the design circuit parameters
listed in Table II, the scaling law of the average switching
frequency per device fq s is illustrated in Fig. 15. In the figure,
three modulation methods—PSC, LSC, and FD—are compared
against the theoretical power-frequency capabilities of Si IGBT
and Si MOSFET power devices. As shown, the proposed modula-
tion method (FD-PWM) exhibits a significantly slower increase
in the average switching frequency with respect to the operating
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Fig. 16. Resulting voltage and current ripples in the transformer and arm
currents, as well as the submodule DC-link variables, under assumption that
myg MF = 2.

frequency of the transformer fy;r compared to the conventional
methods (PSC and LSC). This slower growth in the switching
frequency allows for the use of cost-effective designs based on
SiIGBT or Si MOSFET devices, even as the operating frequency
of the MFT increases.

3) Right Selection of the Carrier Frequency: In real-world
applications, nonidealities that are not accounted for in the av-
eraged model can present challenges. As illustrated in Fig. 9(b),
for the proposed modulation method, the largest harmonic com-
ponent in the spectra of the common-mode voltage of the arm is
the carrier-related m ¢ \r harmonic (1702,5)- This voltage harmonic
generates a ripple current Epyc through the primary winding of
the transformer and the MMC arms, which lags the voltage
ripple by 90° and has a frequency of f.. This current ripple
is then multiplied by the MF insertion index nyp, resulting
in a current ripple %dc,c and, in turn, a voltage ripple Uqc,c
both with a frequency of f. — (2h + 1) fuF in the dc-link of
the submodules [30]. Fig. 16 depicts the resulting voltage and
current ripples in the transformer and arm currents, as well as
the submodule dc-link variables. As can be seen in Fig. 16,
for the voltage ripple component in the submodule dc-link to
generate a nonzero average voltage 3 in the submodule ac-link
and therefore across the transformer winding, it should share
the same frequency with the MF insertion index fyg. This can
be avoided through adequate selection of the ratio between the
carrier frequency and the operating frequency of the transformer
as follows:

fo # (2h+ 2)fMF = MfMF #* (Qh—l— 2).

If this is not taken into account, dc-bias currents appear through
the primary winding of the MFT and the arm inductors, which
can deteriorate their function and the overall performance of the
converter.

(23)

VII. EXPERIMENTAL VERIFICATION

Experimental results are obtained from an MMC-based ac/dc
test-bench which is shown in Fig. 17 . The test-bench comprises
three main components: an MMC, an MFT, and a full-bridge
ac/dc converter. The MMC consists of 24 submodules, with each
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rid emulator.

Test-bench

“ Setpoints

Bi-directional dc supply

Fig. 17.  Test-bench of the MMC-based charger [8].
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Fig. 18.  State machines of the implemented sort and select and PWM gener-

ation.

arm consisting of four submodules (IMPERIX PEH2015). These
submodules are implemented as full-bridge converters utilizing
IGBT switches. The MFT is constructed using Metglas AMCC
(2605SA1) series cut cores. Furthermore, the ac/dc converter
is realized as a full-bridge converter using two half bridges
(IMPERIX PEB8038), which employ SiC MOSFETs. The circuit
parameters of the scaled-down prototype, which differ from the
simulation parameters for the real-scale system, are given in
Table III.

The implementation of a sort and select algorithm for MMC
on an FPGA is shown in Fig. 18. The algorithm is designed to
precisely control the switching states of the MMC submodules
to achieve the desired insertion index (output voltage level)
while minimizing the number of switching events. Our approach
utilizes a dual-state machine setup: one that handles the sorting
of capacitor voltages and another that manages the generation
of PWM signals. The sorting process begins when an ADC
completion pulse is received and ends with generating the sorting
index for the capacitor voltages. Simultaneously, a separate state
machine adjusts the physical PWM outputs to each submodule
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Fig. 19. Measured LF-terminal waveforms and sum of the submodule capaci-

tor voltages of the arm. A 5th-order Bessel low-pass filter with a cutoff frequency
of 10kHz is employed as an antialiasing filter for grid current measurements.

based one the requested level change, sorted voltages, and
the polarity of the arm current. In case the generated voltage
level matches the required insertion index, no submodule will
switch. As a result, the number of switching events can be
minimized [32]. This feature is also critical for the proposed
method, since it guarantees that there is no rising or falling
switching event when a decrease or increase in the voltage level
is requested, respectively.

Fig. 19 depicts the LF-terminal waveforms of the MMC
and summed capacitor voltages of the arms for a power flow
of Py =650W and fur = 8kHz. The prototype is primarily
designed for the MF ranging from 0—1 kHz. As a result, the arm
inductance is quite high, reducing the maximum power that can
be transferred at elevated frequencies, limiting it to 650 W. As
depicted in Fig. 19, the average capacitor voltage of the sub-
modules remains stable at the setpoint value of VZ* = 600 V.

Fig. 20 shows the arm voltage and current waveforms of the
MMC. It also shows a zoom of the same plot in the highlighted
time interval in Fig. 20(a), that is the worst case scenario for
soft-switching operation. As can be seen, at the rising edge of
the MF component of the arm, the arm current is negative, and
the absolute value is large enough to have ZVS turn-ON of power
switches (Izys = 0.1 A).

The measured MF terminal waveforms are illustrated in
Fig. 21. As can be seen, the switching current at both the
rising and falling edges of the secondary voltage is sufficiently
large to ensure ZVS turn-ON of the power devices in the LVC
(Izvs = 0.4 A). The current ripple observed in the transformer’s
primary current is attributed to the carrier frequency of 20 kHz.

Since m \mp = 2.5 was selected according to (23), no dc-
bias current is present in the transformer winding current. To
illustrate the effects of an incorrect selection, fyr was set to
10kHz (m ¢y = 2), with the resulting waveforms depicted in
Fig. 22. As observed, the transformer winding current exhibits
a bias of 110mA due to the nonzero average voltage applied
by the MMC’s arms, highlighting the importance of correctly
choosing m ¢ vr. To avoid this, the carrier frequency can also be
altered according to (23).
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8150
. 0 Reference+ \TfMF' LSC (fMF = ].kHZ)
e 20 Baseband+ I dulan
= de-link htermodulation THD=12.6% |
=]
s
&)
— 0 Rcfcrcncc*l- f | FD (fMF = 1kHZ)
/M -20 Baseband+ ]
= de-link THD=6.12%
. 0 Referencei I | FD (fMF = SkHZ)
% -20 Baseband
g
3 . il
0 200 400 600 800 1000
Harmonic order k
(a)
%-20
‘= -40
© -60} i) TRR el o
0 200 400 600 800 1000
Harmonic order k
(b)
Fig.23. Harmonic performance comparisons (the values are normalized based

on the fundamental component fg; = 50 Hz). (a) Harmonic spectra of the mea-
sured grid current i, of LSC-PWM for and FD-PWM methods. (b) Harmonic
spectra of the measured differential-mode arm voltage v2* for the FD-PWM
method.

Fig. 23(a) presents the harmonic spectra of the grid current
for both LSC-PWM and the proposed modulation method. To
ensure a fair comparison, and considering the limited time
resolution of LSC-PWM, the MF is first set to fyr = 1 kHz
for both methods. As illustrated, the harmonic spectra of the
proposed method are free of the intermodulation sideband har-
monics that are prominently visible around the carrier frequency
fe = 20kHz in LSC-PWM, which reduces the THD, as shown
in Fig. 23(a). Supposedly, if the operating frequency of the trans-
former fyg increases, these sideband harmonics shift toward LF
range with even higher amplitudes. Due to the FD operation of
the proposed method, the intermodulation harmonics are not
present using FD-PWM. In addition, there are significant har-
monic components at lower frequencies. These large harmonic
components around the operating frequency of the transformer
are expected due to the voltage ripple present in the dc-link of
the submodules. The harmonic components of the voltage ripple
are modulated by the insertion index of the arm n and manifest
in the arm voltage. It should be noted that the resulting harmonic
content and THD values are intended for a relative comparison
of the modulation strategies and may not comply with the grid
code due to the low number of submodules and the low power
level of the test-bench.

The bottom graph of Fig. 23(a) illustrates the harmonic spectra
of the grid current when the transformer operates at 8 kHz. This
measurement is conducted only for FD-PWM, as the limited
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time resolution of LSC-PWM does not allow the stable operation
of the MMC at this frequency range. Increasing fyr from 1
to 8 kHz raised the average switching frequency per device in
the MMC from 2.7-4.5 kHz. However, the average switching
frequency scales almost linearly with the operating frequency
of the transformer using the LSC-PWM method. It is evident
that harmonic components around the transformer’s operating
frequency (e.g., 8§ kHz) are attenuated more by the arm induc-
tance. However, higher order harmonics (e.g., 16,20, 24 kHz)
experience less attenuation. This is primarily because these
high-frequency harmonics originate from LF harmonics in the
submodule’s dc-link (see Section VI-B3), which are modulated
back by the submodules and appear as high-frequency harmon-
ics in the arm voltage. Consequently, their amplitude is larger
due to their origin from LF harmonics in the dc-link voltage.
These higher order harmonics can be significantly reduced by
increasing the number of submodules /N and minimizing the
ripple current. Therefore, for a full-scale ac’/ac MMC, these
harmonics can be neglected.

In addition to the dc-link related harmonics, other LF harmon-
ics are still present in the grid current spectra. To further investi-
gate this, the upper arm and lower arm voltages were measured,
and the differential-mode component was derived by subtracting
them. The harmonic spectra of this voltage component are shown
in Fig. 23(b). It is evident that most of the LF harmonics seen
in the current spectra are not present here, suggesting that a
background noise or nonidealities in the converter circuit are
the main cause this part of the LF distortions and they are not
due to the modulation method itself.

VIII. CONCLUSION

This article presents an FD modulation strategy and a soft-
switching technique for the ac/ac MMC with rectangular-wave
output, aiming to achieve a higher operating frequency for the
isolation stage. The core concept of the proposed modulation
method involves separating the LF and MF components within
the MMC arm’s modulator and selecting different modulator
types for each. This separation offers two key benefits: first, it
facilitates higher time resolution for generating the MF volt-
age component, leading to improved waveform synthesis; and
second, it eliminates intermodulation sideband harmonics in
the generated arm voltage, resulting in better harmonic perfor-
mance. Furthermore, the proposed method leverages a DAB-like
operation to achieve ZVS for all the switching events in the LVC
and those associated with the MF component in the MMC, given
the correct selection of the MFT’s turn ratio.

A dedicated control scheme is developed to address the
capacitor voltage balancing of the MMC, the FD modulation
strategy, and the soft-switching operation of both the LVC and
the MMC. The full-scale MMC-based charger with the devel-
oped control scheme is simulated using the arm averaged model.
With the proposed modulation strategy, the average switching
frequency per device increases more gradually with increas-
ing the MFT’s operating frequency compared to conventional
modulation methods. This allows for the use of low-cost power
devices, such as IGBTs, near the optimal operating frequency of
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TABLE IV
DESIGN PARAMETERS OF THE 3PH-1PH MMC

Parameter Formula
MMC arm max. voltage Vey + n“TVd“
MMC arm max. current D T AN ;
3Vgy PF  3ntrVae  7—¢
Vo4 tr Ve
Min. number of sub-modules per arm, N WTZ
b
Number of switches 24N
Number of MFTs 1

the MFT (7-10 kHz). It is found that specific ratios of the carrier
frequency to the MFT’s operating frequency must be avoided,
as they can lead to a dc voltage component across the primary
winding of the MFT.

The practical value of the theoretical findings is demonstrated
with a scaled-down MMC-based prototype which interfaces a
250V dc bus with a three-phase 380V, 50 Hz ac source. The
proposed modulation strategy and developed control scheme
are successfully implemented on the prototype, yielding well-
balanced capacitor voltages, desired soft-switching operation,
and improved harmonic performance.

APPENDIX

Design parameters of the 3ph-1ph MMC are presented in
Table IV [9], [24], [33], where PF and V4, represent the power
factor of the grid current and the derated blocking voltage of the
power devices of the submodule, respectively.

The minimum required capacitance for submodules, taking
into account the permissible voltage fluctuation on the submod-
ule de-link Awgpy, as given by Marca et al. [34] is equal to

VyA 1,

Csm >
N NWgAUsm‘/;m

(24)

where N, wg, and Vg, represent the number of submodules
per arm, the angular frequency of the grid voltage, and the
submodule dc-link voltage, respectively.

The permissible grid current ripple Agy leads to a minimum
arm inductance

Larm Tm‘/sm
e
2 = 8Ai,

+ L, (25)

where T}, denotes the period of PWM [35].
The MF current ripple and its peak value [24] are obtained by

Aipy = 55TV

j — Ner Vde
P 2m fmr L °

(26)

Assuming ¢ = 7 and ng;: Ve = N Vi, therelative peak-to-peak
ripple of the MF current can be obtained by
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